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(57) ABSTRACT

Provided is an organic light emitting device that has high
efficiency and high durability against continuous driving.
The organic light emitting device includes an anode, a
cathode, and organic compound layers placed between the
anode and the cathode, in which the organic compound
layers include a hole transport layer and an emitting layer,
the hole transport layer and the emitting layer are in contact
with each other, the hole transport layer has an arylamine
compound and an aromatic hydrocarbon compound, and the
emitting layer has a host and an electron trap dopant.

8 Claims, 1 Drawing Sheet
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1
ORGANIC LIGHT EMITTING DEVICE

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to an organic light emitting
device.

2. Description of the Related Art

An organic light emitting device is an electronic device
including a pair of electrodes formed of an anode and a
cathode, and organic compound layers placed between the
pair of electrodes. When a voltage is applied to the pair of
electrodes, a hole and an electron supplied from the elec-
trodes recombine in an emitting layer in the organic com-
pound layers to produce an exciton, and the organic light
emitting device outputs light upon return of the exciton to its
ground state.

The organic light emitting device has been attracting
attention as one next-generation full-color display technol-
ogy because the device has such characteristics as high-
speed responsiveness, high luminous efficiency, and flex-
ibility. Accordingly, material technology development and
device technology development have been vigorously per-
formed.

In particular, high durability against the deterioration of
the organic light emitting device due to its continuous
driving has been required for applying the organic light
emitting device to a full-color display or the like, and hence
development with a view toward the improvement of the
durability has been progressed.

Japanese Patent Application Laid-Open No. 2003-077676
discloses an organic light emitting device whose durability
has been improved by doping a hole transport layer consti-
tuting the organic light emitting device with rubrene, 9,10-
diphenylanthracene (DPA), or an oxadiazole compound
(such as OXDS).

The deterioration of the organic light emitting device is
considered to be due to the action of high-energy chemical
species present in the organic light emitting device (such as
a hole and an electron injected from the electrodes, and an
exciton produced in the organic compound layers). How-
ever, a detailed mechanism of the deterioration has not been
elucidated yet.

By the way, in Japanese Patent Application Laid-Open
No. 2003-077676, an attempt has been made to lengthen the
lifetime of the device by doping a layer forming an emission
interface where excitons are present at a high density with a
specific compound, but a practically sufficient lifetime has
not been obtained.

SUMMARY OF THE INVENTION

The present invention has been made to solve the prob-
lems and an object of the present invention is to provide an
organic light emitting device that has high efficiency and
high durability against continuous driving.

According to the present invention, there is provided an
organic light emitting device, including:

an anode;

a cathode; and

organic compound layers placed between the anode and
the cathode,

in which:

the organic compound layers include at least a hole
transport layer and an emitting layer;

the hole transport layer and the emitting layer are in
contact with each other;
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2

the hole transport layer has an arylamine compound and
an aromatic hydrocarbon compound;

the aromatic hydrocarbon compound may have an alkyl
group;

the aromatic hydrocarbon compound satisfies the follow-
ing requirements (i) and (ii):

(1) the compound includes a compound constituted only of
carbon atom and hydrogen atom, and

(i1) the compound has a partial structure represented by
one of the following general formulae (ii-1) and (ii-2);

(ii-1)

H H
H H

(ii-2)

the emitting layer has a host and an electron trap dopant;
and

the host and the electron trap dopant satisty the following
expressions (A) and (B):

|E; pago(Dopant) |- Ez g ps0(Host)>0.15 eV (A)

®)

in the expressions (A) and (B), E; ; »,o(Dopant) represents
an LUMO energy of the electron trap dopant, E; ,,,,~(Host)
represents an LUMO energy of the host, E,,,,o(Host)
represents an HOMO energy of the host, and E,,,,o(Dop-
ant) represents an HOMO energy of the electron trap dopant.

Further features of the present invention will become

apparent from the following description of exemplary
embodiments with reference to the attached drawing.

|E tronso(Host) [<|Egoao(Dopant) |

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic sectional view illustrating an
example of a display apparatus including an organic light
emitting device and a TFT device connected to the organic
light emitting device.

DESCRIPTION OF THE EMBODIMENTS

An organic light emitting device of the present invention
includes: an anode; a cathode; and organic compound layers
placed between the anode and the cathode, in which: the
organic compound layers include at least a hole transport
layer and an emitting layer; and the hole transport layer and
the emitting layer are in contact with each other.

The organic compound layers constituting the organic
light emitting device of the present invention are a laminate
including at least the hole transport layer and the emitting
layer, provided that the layer construction of the organic
compound layers in the present invention is not particularly
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limited except for the following condition: the hole transport
layer and the emitting layer are provided so as to be in
contact with each other. In other words, a layer except the
hole transport layer and the emitting layer may be included
as a layer constituting the organic compound layers.
Examples of the layer constituting the organic compound
layers except the hole transport layer and the emitting layer
include a hole injection layer, an electron blocking layer, a
hole blocking layer, an electron transport layer, an electron
injection layer, and an exciton diffusion preventing layer. It
should be noted that the following embodiment is preferred
in the present invention: the electron transport layer is
placed between the cathode and the emitting layer so as to
be in contact with the emitting layer. Here, out of layers each
of which is adjacent to the emitting layer and has a function
of transporting charge, a layer having a function as a certain
barrier such as an HOMO energy barrier, an LUMO energy
barrier, or an excitation energy barrier between itself and the
emitting layer as well is sometimes called a blocking layer.
Here, out of the layers called blocking layers, layers for
blocking a hole, an electron, and an exciton are called the
hole blocking layer, the electron blocking layer, and an
exciton blocking layer, respectively. It should be noted that
in the present invention, layers having the functions of the
blocking layers as well are included in the category of the
hole transport layer and the electron transport layer.

In addition, in the present invention, for example, a
construction in which an insulative layer is provided at an
interface between an electrode and the organic compound
layers, a construction in which an adhesion layer or an
interference layer is provided at the interface, or a construc-
tion in which the electron transport layer or the hole trans-
port layer is constituted of two layers having different
ionization potentials can be adopted as the construction of
the organic light emitting device.

The organic light emitting device of the present invention
may be of the so-called top emission system in which light
is extracted from a side opposite to a substrate, may be of the
so-called bottom emission system in which light is extracted
from the side of the substrate, or can be used as a construc-
tion in which light is extracted from each of both the sides.

By the way, in the present invention, all of requirements
concerning the emitting layer and requirements concerning
the hole transport layer need to be satisfied.

First, the requirements concerning the emitting layer are
described. The requirements concerning the emitting layer
are specifically the following requirements (a-1) and (a-2):

(a-1) the emitting layer has a host and an electron trap
dopant; and

(a-2) the host and the electron trap dopant satisty the
following expressions (A) and (B).

|E; pago(Dopant) |- Ez g ps0(Host)>0.15 eV (A)

®)

(In the expressions (A) and (B), E;,,o(Dopant) repre-
sents the LUMO energy of the electron trap dopant, E; ;1,5
(Host) represents the LUMO energy of the host, E5on/0
(Host) represents the HOMO energy of the host, and E; 5,5
(Dopant) represents the HOMO energy of the electron trap
dopant.)

Hereinafter, the reason why the requirements (a-1) and
(a-2) are required is described.

An arylamine compound is a compound that has hereto-
fore been frequently utilized as a constituent material for the
hole transport layer because of its excellent hole transport-
ability. However, the arylamine compound has a C—N

1E tronso(Host)I<IE o a0(Dopant)|

10

15

20

25

30

35

40

45

50

55

60

65

4

single bond that is a bond weak against deterioration due to
an exciton. Accordingly, the arylamine compound is a
compound weak against an exciton produced by the recom-
bination of a hole and an electron, and the arylamine
compound readily deteriorates owing to the exciton. There-
fore, when the arylamine compound is used as a constituent
material for the hole transport layer, measures need to be
taken to prevent the deterioration of the hole transport layer
due to an exciton.

Here, the organic light emitting device in which the hole
transport layer and the emitting layer are adjacent to each
other for efficiently transporting a hole is considered. When
an emission interface in the organic light emitting device is
set to an interface between the hole transport layer and the
emitting layer, part of a large amount of excitons produced
at the emission interface intervene in the hole transport layer,
which facilitates the occurrence of the deterioration of the
arylamine compound. Therefore, in consideration of the
deterioration of the arylamine compound, it can be said to be
desirable to locate the emission interface as away as possible
from the hole transport layer instead of setting the emission
interface to the interface between the hole transport layer
and the emitting layer.

On the other hand, in general, a compound having a high
electron mobility is suitably used in the electron transport
layer. Here, a compound free of the C—N single bond is
sometimes included in the compounds in the electron trans-
port layer. Accordingly, the selection of the compound free
of the C—N single bond upon formation of the electron
transport layer makes it much easier to impart the durability
against deterioration due to an exciton to the layer than to
impart the durability to the hole transport layer.

It can be said from the foregoing that in the present
invention, the emission interface is preferably located as
away as possible from the hole transport layer and caused to
approach the side of the electron transport layer.

By the way, the position of the emission interface in the
emitting layer depends on the distribution of holes and
electrons in the emitting layer at the time of the driving of
the device. In other words, at a site where holes and
electrons are distributed at high densities, excitons produced
by the recombination of the holes and the electrons are
distributed at a high density to form the emission interface.
Here, in order that the emission interface in the emitting
layer may be caused to approach the side of the electron
transport layer, e.g., an interface between the emitting layer
and the electron transport layer, the moving speed of an
electron moving in the emitting layer needs to be made
lower than the moving speed of a hole moving in the
emitting layer. Here, a construction for trapping an electron
(electron trap structure) needs to be provided in the emitting
layer for reducing the moving speed of the electron moving
in the emitting layer.

In the emitting layer having the electron trap structure, the
holes are not trapped by the electron trap structure and hence
are widely distributed in the emitting layer. On the other
hand, the electrons are trapped by the electron trap structure
and hence the distribution of the electrons is largely biased
to the side of the cathode (or the side of the electron transport
layer) in the emitting layer.

Accordingly, in the emitting layer having the electron trap
structure, the emission interface is formed on the cathode
side of the emitting layer where a large number of electrons
are distributed, e.g., at the interface between the emitting
layer and the electron transport layer. By the way, in order
that the emitting layer may be provided with the electron
trap structure, as described in the requirement (a-1), the
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emitting layer needs to be constituted of at least one kind of
host and at least one electron trap dopant. Further, as
described in the requirement (a-2), specifically, the relation-
ships of the following expressions (A) and (B) need to be
established for the energy levels of the host and the dopant
(electron trap dopant).

|E; pago(Dopant) |- Ez g ps0(Host)>0.15 eV (A)

®)

(In the expressions (A) and (B), E;,,o(Dopant) repre-
sents the LUMO energy of the electron trap dopant, E; ;1,5
(Host) represents the LUMO energy of the host, Ez a0
(Host) represents the HOMO energy of the host, and E; 5,5
(Dopant) represents the HOMO energy of the electron trap
dopant.)

Here, when the condition (A) is satisfied, an electron
moves while being trapped by the electron trap dopant, and
hence the moving speed of the electron in the emitting layer
largely reduces. In addition, when the condition (B) is
satisfied, a hole can move on the host in the emitting layer
without being trapped by the dopant (electron trap dopant),
and hence the moving speed of the hole in the emitting layer
does not reduce. Therefore, satisfying the requirements (A)
and (B) results in the formation of an electron trap emitting
layer.

It should be noted that the HOMO energies and the
LUMO energies can be experimentally determined by per-
forming cyclic voltammetry (CV measurement). Here, an
oxidation potential obtained by the CV measurement corre-
sponds to an |E ;5,0 and a reduction potential obtained by
the measurement corresponds to an 1E; .0l

In addition, as is well known, when the number of
electrons involved in a reaction is represented by n and
Faraday’s constant is represented by F, a relationship of
AG=nFE is established between potential difference E and
the free energy AG of the reaction. Here, AG equals FE in
an oxidation-reduction reaction in an ordinary material for
an organic light emitting device because n equals 1.

Here, dividing both sides of AG=FE by F yields AG/F=E
and both of its sides are represented in eV units. That is,
potential differences (unit: V) obtained by the CV measure-
ment may be directly read as a difference in 1E,;,,,,! and a
difference in |1E; ;| represented in eV units.

In addition, a compound having an electron-withdrawing
partial structure in a molecule thereof is preferred as the
electron trap dopant in the emitting layer because the
|E; paso(Dopant)l can be enlarged. Herein, examples of the
electron-withdrawing partial structure may include: a fluo-
ranthene skeleton such as fluoranthene or benzofluo-
ranthene; a nitrogen-containing hetero ring having a pyri-
dine skeleton such as pyridine, pyrimidine, triazine,
quinoline, or isoquinoline; and an electron-withdrawing
substituent such as a halogen atom, a cyano group, a nitro
group, at trihalomethyl group, a carboxy group, or a sulfonyl
group. It should be noted that in the present invention, the
electron-withdrawing partial structure is not limited to the
above-mentioned compounds.

Of the compounds, a hydrocarbon compound having a
fluoranthene skeleton as a partial structure is particularly
preferred because the compound has a large IE; ! and is
chemically stable. In addition, the hydrocarbon compound
having a fluoranthene skeleton as a partial structure is
particularly preferred as the electron trap dopant because the
compound is advantageous from the viewpoints of the
durability and luminous efficiency of the organic light emit-
ting device.

As described in the foregoing, in the present invention,
the emitting layer can be turned into an electron trap
emitting layer by satisfying the requirements (a-1) and (a-2)

1E tronso(Host)I<IE o a0(Dopant)|
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in the emitting layer, and the emission interface can be
distributed to the side of the electron transport layer (e.g., the
interface between the emitting layer and the electron trans-
port layer). Therefore, electrons injected and transported
from the side of the cathode are trapped on the electron trap
dopant, and hence most of the electrons are recombined and
consumed on the side of the electron transport layer (e.g., the
interface between the emitting layer and the electron trans-
port layer).

Next, the requirements concerning the hole transport layer
are described. The requirements concerning the hole trans-
port layer are specifically the following requirements (b-1)
and (b-2):

(b-1) the hole transport layer has an arylamine compound
and an aromatic hydrocarbon compound; and

(b-2) the aromatic hydrocarbon compound is a compound
that satisfies the following requirements (i) and (ii), and may
have an alkyl group:

(1) the compound is a compound constituted only of carbon
atom and hydrogen atom, and

(i1) the compound has a partial structure represented by the
following general formula (ii-1) or (ii-2).

(ii-1)

H H
H H

(ii-2)

It should be noted that details about the respective
requirements ((b-1) and (b-2)) are described later.

It was assumed that when the emitting layer was turned
into an electron trap layer as described above, the amount of
electrons reaching the hole transport layer having the
arylamine compound was small and hence the influence of,
for example, the leakage of the electrons on the hole
transport layer formed of the arylamine compound was
small.

However, the inventors of the present invention have
discovered that when the hole transport layer is doped with
a compound strong against deterioration due to excitation
while the requirements (a-1) and (a-2) are satisfied for the
emitting layer, the lengthening of the lifetime of the organic
light emitting device is achieved contrary to expectations.

In view of the foregoing, doping the hole transport layer
containing the arylamine with the compound strong against
deterioration due to excitation (compound having high dura-
bility against an exciton) while satisfying the requirements
((a-1) and (a-2)) concerning the emitting layer may be
effective in lengthening the lifetime of the organic light
emitting device.

Here, the compound strong against deterioration due to
excitation is preferably an aromatic hydrocarbon compound
formed only of carbon-carbon bond and C—H single bond.
This is because a typical value for the binding energy of a
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C—C single bond between aromatic hydrocarbons is 4 eV to
5 eV and hence the bond is stronger than a C—N single bond
having a binding energy of 3 eV to 4 eV.

In addition, in the present invention, the aromatic hydro-
carbon compound in the hole transport layer is preferably a
compound that: has multiple monovalent or more aromatic
hydrocarbon skeletons each of which is unsubstituted or
substituted with an alkyl group; and is obtained by bonding
the multiple aromatic hydrocarbons with a single bond.
Specifically, as described in the item (ii) of the requirement
(b-2), the compound is preferably a compound having the
partial structure represented by the following general for-
mula (ii-1) or (ii-2).

(ii-1)

H H
H H

(ii-2)

Even when the aromatic hydrocarbon compound having
the partial structure represented by the general formula (ii-1)
or (ii-2) is excited to cause the radical cleavage of a single
bond represented in the formula (thick line portion), steric
hindrance around the single bond is small. Accordingly, a
produced pair of radicals easily causes recombination to
return to the original compound and hence the compound is
strong against deterioration due to excitation. On the other
hand, when an aromatic hydrocarbon compound containing
none of the partial structures represented by the general
formulae (ii-1) and (ii-2) is excited to cause the radical
cleavage of a single bond in its skeleton, steric hindrance
around the single bond enlarges. Accordingly, the recombi-
nation of a produced pair of radicals hardly occurs. A radical
that could not recombine remains as a free radical in the
organic compound layers such as the hole transport layer.
Here, the free radical is chemically active, and hence the
compound serving as a constituent material for the organic
compound layers undergoes a chemical reaction with the
free radical to cause the deterioration of the organic com-
pound layers.

By the way, the partial structures represented by the
general formulae (ii-1) and (ii-2) are more specifically
structures represented by the following formulae (ii-1a) and
(ii-2a), respectively.

(ii-1a)

X H H X
X H H X
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-continued
(ii-2a)
H Y
Y H H Y

In the formula (ii-1a), X represents a hydrogen atom, an
alkyl group, or an aromatic hydrocarbon group. In addition,
multiple X’s in the formula (ii-1a) may be identical to or
different from one another. Further, X’s adjacent to each
other in the formula (ii-1a) may be bonded to form a cyclic
structure newly. It should be noted that when X represents
an aromatic hydrocarbon group, a partial structure formed
by the basic skeleton and X’s of the formula (ii-1a) is the
partial structure represented by the general formula (ii-1) or
(i-2). On the other hand, details about X and the new cyclic
structure formed by the bonding of X’s adjacent to each
other are described later.

In the formula (ii-2a), Y represents a hydrogen atom, an
alkyl group, or an aromatic hydrocarbon group. In addition,
multiple Y’s in the formula (ii-2a) may be identical to or
different from one another. Further, Y’s adjacent to each
other in the formula (ii-2a) may be bonded to form a cyclic
structure newly. It should be noted that when Y represents an
aromatic hydrocarbon group, a partial structure formed by
the basic skeleton and Y’s of the formula (ii-2a) is the partial
structure represented by the general formula (ii-1) or (ii-2).
On the other hand, details about Y and the new cyclic
structure formed by the bonding of Y’s adjacent to each
other are described later.

Here, the reason why the aromatic hydrocarbon com-
pound having the partial structure represented by the general
formula (ii-1) or (ii-2) is incorporated into the hole transport
layer in the present invention is described.

In order to achieve the goal of improving the durability of
the organic light emitting device against continuous driving,
the inventors of the present invention have investigated the
mechanism of the deterioration of the organic light emitting
device by use of a molecular simulation in advance, and
have attempted to build an optimum device construction for
improving the durability against continuous driving based
on the result of the investigation.

As described in the foregoing, when a voltage is applied
to the pair of electrodes constituting the organic light emit-
ting device, a hole and an electron are supplied from these
electrodes, and the supplied hole and electron recombine to
produce an exciton, which causes light emission.

On the other hand, a radical cation, a radical anion, and
excitons (a singlet exciton and a triplet exciton) present in
the organic light emitting device upon driving of the organic
light emitting device are high-energy chemical species and
hence may cause various chemical reactions as well as light
emission. Accordingly, the radical cation, the radical anion,
and the excitons serve as factors for the deterioration of the
organic light emitting device.

In view of the foregoing, the inventors of the present
invention have paid attention to an energy transfer at the
interface between the two layers constituting the organic
compound layers attributable to the high-energy chemical



US 9,461,260 B2

9

species present in the organic light emitting device such as
the radical cation, the radical anion, and the excitons.

The energy level of each of a hole, electron, exciton, and
the like present in an organic light emitting device has
heretofore been represented with a band diagram based on
semiconductor theory. The band diagram has been widely
used because the energy level of a material constituting the
organic light emitting device can be simply found.

In consideration of a molecule itself, however, the struc-
tural change of the molecule in association with a change in
electronic state occurs upon oxidation (production of a
radical cation), reduction (production of a radical anion), or
excitation (production of an exciton). Accordingly, an
energy transfer between molecules in which a change in
molecular structure due to a chemical reaction is involved
cannot be sufficiently represented with the band diagram
alone.

Marcus theory has been widely known as theory address-
ing the energy transfer between molecules in which a change
in molecular structure due to a chemical reaction is involved,
and energy transfers between molecules under various con-
ditions have heretofore been experimentally and theoreti-
cally described with the Marcus theory.

Here, according to the Marcus theory, an activation
energy AG* of the process of an energy transfer from a
molecule A to a molecule B is represented like the following
equation (1).

s (A+AG) (69)

AG
4A

In the equation (1), AG® represents a difference between
a free energy before the energy transfer and that after the
energy transfer, and A represents a reorientation energy.

The AG® and A in the equation (1) can be calculated by
methods described below. It should be noted that in the
following description, an electronic state before the energy
transfer is referred to as “electronic state r,” and an elec-
tronic state after the energy transfer is referred to as “elec-
tronic state p.”

The AG® is represented like the following equation (2).

@

In the equation (2), AG (p) represents an energy in the
stable structure of the molecule A in the electronic state p
and AGg(p) represents an energy in the stable structure of the
molecule B in the electronic state p.

In the equation (2), AG (r) represents an energy in the
stable structure of the molecule A in the electronic state r and
AGg(r) represents an energy in the stable structure of the
molecule B in the electronic state r.

In addition, the A is represented like the following equa-
tion (3).

A=hgthg

AG ={AG4(p)+AGE(P) }-{AG(1+AGH()}

®
In the equation (3), A, represents the reorientation energy

of the molecule A and is represented like the following
equation (4).

hy=AG4p@r)-AG ) Q)

In the equation (4), AG (p@sr) represents the energy of the
molecule A in the electronic state p calculated with reference
to the stable structure of the molecule A in the electronic
state r.

In the equation (3), A5 represents the reorientation energy
of the molecule B and is represented like the following
equation (5).

rp=AGyp@r)-AGp(D) ®

5
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In the equation (5), AGz(p@r) represents the energy of the
molecule B in the electronic state p calculated with reference
to the stable structure of the molecule B in the electronic
state r.

Here, the parameters shown in the foregoing description,
i.e., the AG (1), the AGg(r), the AG,(p), the AGx(p), the
AG ,(p@r), and the AGxz(p@r) can be determined by a
molecular simulation such as a molecular orbital method.

Here, the AG®, the A, and the AG* were calculated by
employing the molecular orbital method based on the equa-
tion (1) to the equation (5).

In addition, when the calculation by the molecular orbital
method was carried out, it was performed by Gaussian 09
widely employed at present (Gaussian 09, Revision A. 02,
M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria,
M. A. Robb, J. R. Cheeseman, G. Scalmani, V. Barone, B.
Mennucci, G. A. Petersson, H. Nakatsuji, M. Caricato, X. Li,
H. P. Hratchian, A. F. Izmaylov, J. Bloino, G. Zheng, J. L.
Sonnenberg, M. Hada, M. Ehara, K. Toyota, R. Fukuda, J.
Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H.
Nakai, T. Vreven, J. A. Montgomery, Jr., J. E. Peralta, F.
Ogliaro, M. Bearpark, J. J. Heyd, E. Brothers, K. N. Kudin,
V. N. Staroverov, R. Kobayashi, J. Normand, K. Ragha-
vachari, A. Rendell, J. C. Burant, S. S. Iyengar, J. Tomasi,
M. Cossi, N. Rega, J. M. Millam, M. Klene, J. E. Knox, J.
B. Cross, V. Bakken, C. Adamo, J. Jaramillo, R. Gomperts,
R. E. Stratmann, O. Yazyev, A. J. Austin, R. Cammi, C.
Pomelli, J. W. Ochterski, R. L. Martin, K. Morokuma, V. G.
Zakrzewski, G. A. Voth, P. Salvador, J. J. Dannenberg, S.
Dapprich, A. D. Daniels, O. Farkas, J. B. Foresman, J. V.
Ortiz, J. Cioslowski, and D. J. Fox, Gaussian, Inc., Wall-
ingford Conn., 2009).

Density functional theory (DFT) widely employed at
present was employed as a calculation approach. An ®B97X
was used as a functional and a 6-31+G* was used as a basis
function. It should be noted that a functional that has
heretofore been used is known to involve a problem con-
cerning the result of the calculation of a system having an
electron (such as an unpaired electron of a radical anion) far
away from an atomic nucleus. In contrast, the functional
(wB97X) is an approach that has corrected the problem, and
has been known as one long-range corrected DFT (LC-
DFT). Here, the LC-DFT is particularly preferred as an
approach to calculating the energy transfer of an organic
light emitting device because the LC-DFT provides a highly
accurate calculated value for a radical anion for which
sufficient calculation accuracy is not obtained by a conven-
tional method.

By the way, a calculated value obtained by the density
functional theory typically corresponds to a value for an
isolated molecule in a vacuum. However, a molecule in an
organic light emitting device is present in a thin-film state.
Here, the molecule present in the thin-film state is affected
by other molecules present around itself unlike the isolated
molecule in the vacuum.

Therefore, it can be said to be more proper to use a
numerical value taking a thin-film state into consideration
upon calculation of the AG®, the A, and the AG* by use of the
density functional theory.

A point to be considered as a difference between a vacuum
and a thin film is a difference in dielectric constant. Although
the relative dielectric constant of the vacuum is 1, the
relative dielectric constant of the thin film has a value of
about 2 to 4 in a typical organic light emitting device
material. Such difference in dielectric constant affects the
parameters (the AG ,(r), the AGg(r), the AG ,(p), the AGz(p),
the AG ,(p@y), and the AGz(p@sr). Therefore, a value taking
the dielectric constant of a molecule in a thin-film state into
consideration is preferably used for each of those param-
eters.
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An energy value taking a dielectric constant into consid-
eration can be calculated by solvent effect calculation
included in the Gaussian 09. In the present invention, the
solvent effect calculation was performed by performing
single-point energy calculation through the addition of the
keyword SCRF of the Gaussian 09. Here, a parameter such
as a relative dielectric constant is needed upon performance
of'the solvent effect calculation. No parameter for a thin film
is included in the solvent effect calculation and hence a
compound having a relative dielectric constant of about 2 to
4 needs to be used as a substitute for such parameter.
Accordingly, in the following description, a parameter for
toluene (having a relative dielectric constant of 2.3741) is
utilized.

Another point to be considered as a difference between the
vacuum and the thin film is that molecules are present in an
agglomerated state in the thin film unlike in the vacuum.
Particularly in the case where charged species such as a
cation and an anion are present so as to be close to each
other, a Coulomb interaction between the species cannot be
neglected. Such Coulomb interaction has an influence
mainly on the value for the difference AG® between the free
energy before the energy transfer and that after the energy
transfer. Therefore, in the case where the charged species are
present so as to be close to each other, the value for the AG®
needs to be appropriately corrected in consideration of a
potential energy attributable to the Coulomb interaction.
Here, the case where the charged species are present so as to
be close to each other is specifically each of the case where
both the molecule A and molecule B before the energy
transfer are charged species, and the case where both the
molecule A and molecule B after the energy transfer are
charged species.

In contrast, in the case where the charged species are not
close to each other, i.e., in each of the case where one of the
molecule A and molecule B before the energy transfer is not
a charged species, the case where one of the molecule A and
molecule B after the energy transfer is not a charged species,
and the case where none of the molecule A and the molecule
B is a charged species, the correction of the AG® taking the
Coulomb interaction into consideration is unnecessary.

Upon performance of the correction in consideration of
the Coulomb interaction, the radius of a molecule is calcu-
lated with the most stable structure of the molecule calcu-
lated by the density functional theory, and then a potential
energy U attributable to the Coulomb force is calculated by
using the following equation (6) on the assumption that
charged species are close to each other.
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In the equation (6), q, and q represent the charges of the
molecule A and the molecule B, respectively, and when
elementary charge is represented by e, the charge of a
cationic species is represented by e and the charge of an
anionic species is represented by —e in ordinary cases, €,
represents the dielectric constant of a vacuum, €, represents
a relative dielectric constant (here, 2.3741), and r, and rz
represent the molecular radii of the molecule A and the
molecule B, respectively. It should be noted that the molecu-
lar radii can each be calculated by using the following
equation (7) while approximating the shape of the molecule
to a sphere.

[3v
=3
r An

In the equation (7), V represents the van der Waals volume
of' a molecule and r represents the radius of the molecule.

By the way, upon determination of the van der Waals
volume of a molecule, calculation was performed with a
Connolly Solvent Excluded Volume included in a
ChemBi0o3D Ultra 12.0 by setting a Probe Radius to 0.001.
In addition, when correction taking an intermolecular Cou-
lomb force into consideration was needed, the correction
was performed by calculating the potential energy U from
the equation (6) and then adding the determined value for the
U to the AG®.

The inventors of the present invention have conducted
extensive investigations on various energy transfer pro-
cesses that may occur in an organic light emitting device by
bringing calculation based on the Marcus theory and the
density functional theory into play.

As a result, the inventors have discovered that the recom-
bination of the radical cation (ArN"*) of an arylamine (ArN)
present mainly in a hole transport layer and the radical anion
(D7) of an emitting dopant (D) can easily produce the triplet
exciton (C(ArN)*) of the arylamine.

More specifically, the result of the calculation based on
the Marcus theory and the density functional theory has
shown that the AG* of an energy transfer reaction repre-
sented by the following reaction formula is substantially
Zero.

AN D=3 (ArN)*+D

M

AG*s were calculated for cases where arylamines and
emitting dopants shown below were combined according to
combinations shown in Table 1 below as specific examples.

HT-1

s
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HT-2

HT-3

D-1

D-2

TABLE 1 TABLE 1-continued
Molecular radius 60 Molecular radius
Emit- A Emit- A

ting Emitting U AG® A AGH ting Emitting U AG® A  AGH
Arylamine dopant Arylamine  dopant [eV] [eV] [eV] [eV] Arylamine dopant Arylamine  dopant [eV] [eV] [eV] [eV]
HT-1 D-1 5.72 5.06 -0.56 -1.14 135 0.01 65 HT-2 D-1 4.92 5.06 -0.61 -0.88 1.04 0.01
HT-1 D-2 5.72 5.29 -0.55 -1.07 1.36 0.02 HT-2 D-2 4.92 5.29 -0.59 -0.81 1.05 0.01
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TABLE 1-continued

Molecular radius

Emit- A
ting Emitting U AG® A AGH
Arylamine dopant Arylamine  dopant [eV] [eV] [eV] [eV]
HT-3 D-1 5.20 5.06 -0.59 -0.58 047 0.01
HT-3 D-2 5.20 5.29 -0.58 -0.52 049 0.00

A hole transport layer constituting an organic light emit-
ting device is required to have high hole transportability for
obtaining high-efficiency light emission. Accordingly, an
arylamine compound having a low ionization potential and
a high hole mobility has been frequently used because the
compound is useful in practical use as a constituent material
for the hole transport layer.

However, the arylamine compound has a C—N single
bond having a relatively weak binding energy (binding
energy: 3 to 4 eV) in a molecule thereof. Accordingly, the
arylamine compound is weak against a high-energy exciton
and interacts with the exciton to readily cause the cleavage
of the C—N bond, with the result that the compound itself
decomposes. Accordingly, the compound can be a main
cause for the deterioration of the organic light emitting
device. The foregoing can be described from an energy
transfer process at the time of a reaction between the radical
cation (ArN™") of the arylamine (ArN) and the radical anion
(D7) of the emitting dopant (D) represented by the reaction
formula. In other words, the presence of the following
mechanism is strongly suggested. An interaction between
the ArN™ and the D~ produces the triplet exciton of the
arylamine compound in the hole transport layer to cause the
deterioration of the arylamine due to excitation, and the
organic light emitting device deteriorates owing to the
deterioration due to excitation.

To block an electron and a triplet exciton to prevent them
from leaking into a hole transport layer has heretofore been
considered as an effective method of preventing the dete-
rioration of the hole transport layer. In other words, the
following has been performed for preventing an electron
from leaking from an emitting layer into the hole transport
layer. A compound having a higher LUMO energy than that
of' a compound constituting the emitting layer is introduced
as a constituent material for the hole transport layer to
provide an electron-transfer barrier between the emitting
layer and the hole transport layer. In addition, the introduc-
tion of a compound having a higher lowest triplet excitation
energy (T, energy) than that of the compound constituting
the emitting layer as a constituent material for the hole
transport layer has been performed for preventing a triplet
exciton from leaking from the emitting layer into the hole
transport layer. This is because the introduction establishes
a state where an exciton-transfer barrier (T, barrier) is
provided between the emitting layer and the hole transport
layer.

In view of the foregoing, the five compounds shown in the
foregoing (HT-1, HT-2, HT-3, D-1, and D-2) were examined
for their LUMO energies and T, energies. Here, the LUMO
energy of a compound can be mathematically estimated by
determining a difference in energy between the ground state
and radical anion state of the compound, i.e., its electron
affinity. In addition, the T, energy of a compound can be
determined by calculation as long as a difference in energy
between the ground state and T, state of the compound is
determined.

The electron affinity and T, energy of each of the com-
pounds can be determined by employing the density func-
tional theory. In this embodiment, calculation was per-
formed by the methods employed in the energy transfer
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process calculation (the wB97X/6-31+G* and the SCRF
were used in combination). Table 2 below shows the results
of the calculation.

TABLE 2

Electron affinity T, energy
Compound [eV] [eV]
HT-1 -1.08 2.94
HT-2 -1.02 2.55
HT-3 -1.02 2.84
D-1 -1.79 2.36
D-2 -1.87 2.36

A first point to be noted in Table 2 is that the electron
affinity of each of the arylamine compounds (HT-1, HT-2,
and HT-3) is smaller than the electron affinity of each of the
dopants (D-1 and D-2). The foregoing means that an elec-
tron-transfer barrier from a dopant to an arylamine com-
pound is large. Therefore, it can be said that an electron
seldom leaks from the dopant into the arylamine compound
in consideration of their electron affinities (LUMO ener-
gies).

A second point to be noted in Table 2 is that the T, energy
of each of the arylamine compounds is larger than the T,
energy of each of the dopants. The foregoing means that a
T, barrier from a dopant compound to an arylamine com-
pound is large. Therefore, it can be said that a triplet exciton
seldom leaks from the dopant compound into the arylamine
compound in consideration of their T, energies.

However, the results of Table 1 show that an interaction
(recombination) between the radical anion of the dopant
present in the emitting layer and the radical cation of the
arylamine constituting the hole transport layer easily pro-
duces the triplet exciton of the arylamine.

On the other hand, as can be seen from Table 1 and Table
2, in an arylamine compound and a dopant, the triplet
exciton of the arylamine is produced by their recombination
process irrespective of their difference in LUMO energy and
difference in T, energy shown in Table 2. The foregoing can
be said to be the very point to be particularly noted.

It can be said from the foregoing that the method involv-
ing providing the electron-transfer barrier based on the
difference in LUMO energy and the T, barrier based on the
difference in T, energy, which has heretofore been per-
formed, cannot sufficiently prevent the production of the
triplet exciton of the arylamine, and hence the deterioration
of the hole transport layer is inevitable.

In view of the foregoing, the inventors of the present
invention have investigated the building of an optimum
device construction for improving durability against con-
tinuous driving based on the mechanism of the deterioration
of the hole transport layer resulting from the production of
the exciton of the arylamine represented by the following
reaction formula.

AN D=3 (ArN)*+D

As a result of an extensive investigation conducted by the
inventors of the present invention, the lengthening of the
lifetime of the organic light emitting device was able to be
achieved by further doping the inside of the hole transport
layer with a compound strong against deterioration due to
excitation on the precondition that the emitting layer was
turned into an electron trap emitting layer and the emission
interface was located as away as possible from the hole
transport layer as described in the foregoing.

Here, the compound with which the inside of the hole
transport layer is doped is specifically an aromatic hydro-
carbon compound satisfying the following requirements (i)
and (ii):
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(1) the compound is a compound constituted only of carbon
atom and hydrogen atom, and
(i) the compound has a partial structure represented by one
of the following general formulae (ii-1) and (ii-2).

(ii-1)

H H
H H

(ii-2)

It should be noted that the partial structures represented
by the general formulae (ii-1) and (ii-2) are more specifically
structures represented by the following formulae (ii-1a) and
(ii-2a), respectively.

(ii-1a)
X H I X
X o H X
(ii-22)
H Y

Y H H Y

In the formula (ii-1a), X represents a hydrogen atom, an
alkyl group, or an aromatic hydrocarbon group.

Examples of the alkyl group represented by X include a
methyl group, a methyl-d, group, a methyl-d; group, an
ethyl group, an ethyl-d; group, an n-propyl group, an n-butyl
group, an n-pentyl group, an n-hexyl group, an n-heptyl
group, an n-octyl group, an n-decyl group, an iso-propyl
group, an iso-propyl-d, group, an iso-butyl group, a sec-
butyl group, a tert-butyl group, a tert-butyl-d, group, an
iso-pentyl group, a neopentyl group, a tert-octyl group, a
cyclopentyl group, and a cyclohexyl group. It should be
understood that the alkyl group is not limited thereto.

In addition, multiple X’s in the formula (ii-1a) may be
identical to or different from one another.

Further, X’s adjacent to each other in the formula (ii-1a)
may be bonded to form a cyclic structure newly. Specific
examples of the cyclic structure to be newly formed in this
case include naphthalene, anthracene, triphenylene, phenan-
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threne, pyrene, dibenzo[fj|picene, chrysene, benzo[e]
pyrene, benzo[g|chrysene, benzo[c|phenanthrene, dibenzo
[fg,op]naphthacene, dibenzo[a,c]anthracene, picene,
dibenzo[g,p]chrysene, dibenzo[hi,uv]hexacene, benzo[a]an-
thracene, benzo|ghi|perylene, benzo[c]chrysene, tribenzo[a,
¢,h]anthracene, naphtho[2,3-h]pentaphene, benzo[b]
chrysene, dibenzo[ah]anthracene, dibenzo|c,g|chrysene,
dibenzo[a,i]anthracene, dibenzo[c,g]phenanthrene, dibenzo
[ij,no]tetraphene, benzo[s]picene, 9,9-dimethyl-9H-fluo-
rene, 13,13-dimethyl-13H-dibenzo[a,g]fluorene, 7,7-dim-
ethyl-7H-dibenzo[b,g|fluorene, 7,7-dimethyl-7H-dibenzo][c,
glfluorene, fluoranthene, benzo[k]fluoranthene, benzo[e]
acephenanthrylene, and naphtho[2,3-¢|phenanthrylene. It
should be understood that the cyclic structure is not limited
thereto. Of those cyclic structures, naphthalene, phenan-
threne, or 9,9-dimethyl-9H-fluorene is preferred.

It should be noted that when X represents an aromatic
hydrocarbon group, a partial structure formed by the basic
skeleton and X’s of the formula (ii-1a) is the partial structure
represented by the general formula (ii-1) or (ii-2).

In the formula (ii-2a), Y represents a hydrogen atom, an
alkyl group, or an aromatic hydrocarbon group.

Examples of the alkyl group represented by Y include a
methyl group, a methyl-d, group, a methyl-d; group, an
ethyl group, an ethyl-d5 group, an n-propyl group, an n-butyl
group, an n-pentyl group, an n-hexyl group, an n-heptyl
group, an n-octyl group, an n-decyl group, an iso-propyl
group, an iso-propyl-d, group, an iso-butyl group, a sec-
butyl group, a tert-butyl group, a tert-butyl-d, group, an
iso-pentyl group, a neopentyl group, a tert-octyl group, a
cyclopentyl group, and a cyclohexyl group. It should be
understood that the alkyl group is not limited thereto.

In addition, multiple Y’s in the formula (ii-2a) may be
identical to or different from one another.

Further, Y’s adjacent to each other in the formula (ii-2a)
may be bonded to form a cyclic structure newly. Specific
examples of the cyclic structure to be newly formed in this
case include naphthalene, anthracene, triphenylene, phenan-
threne, pyrene, dibenzo[fj|picene, chrysene, benzo[e]
pyrene, benzo[g|chrysene, benzo[c|phenanthrene, dibenzo
[fg,op]naphthacene, dibenzo[a,c]anthracene, picene,
dibenzo[g,p]chrysene, dibenzo[hi,uv]hexacene, benzo[a]an-
thracene, benzo|ghi|perylene, benzo[c]chrysene, tribenzo[a,
¢,h]anthracene, naphtho[2,3-h]pentaphene, benzo[b]
chrysene, dibenzo[ah]anthracene, dibenzo|c,g|chrysene,
dibenzo[a,i]anthracene, dibenzo[c,g]phenanthrene, dibenzo
[ij,no]tetraphene, benzo[s]picene, 9,9-dimethyl-9H-fluo-
rene, 13,13-dimethyl-13H-dibenzo[a,g]fluorene, 7,7-dim-
ethyl-7H-dibenzo[b,g|fluorene, 7,7-dimethyl-7H-dibenzo][c,
glfluorene, fluoranthene, benzo[k]fluoranthene, benzo[e]
acephenanthrylene, and naphtho[2,3-¢|phenanthrylene. It
should be understood that the cyclic structure is not limited
thereto. Of those cyclic structures, naphthalene, phenan-
threne, 9,9-dimethyl-9H-fluorene, pyrene, benzo[e]pyrene,
or benzo[c]phenanthrene is preferred.

It should be noted that when Y represents an aromatic
hydrocarbon group, a partial structure formed by the basic
skeleton and Y’s of the formula (ii-2a) is the partial structure
represented by the general formula (ii-1) or (ii-2).

As the aromatic hydrocarbon compound to be incorpo-
rated into the hole transport layer, a compound having a
pyrene skeleton as a partial structure is particularly preferred
because the synthesis thereof is easy.

Among compounds each having a pyrene skeleton, a
compound represented by the following general formula [1]
is preferred.
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In the formula [1], R represents a hydrogen atom or an
alkyl group having 1 or more and 4 or less carbon atoms.
Specific examples of the alkyl group represented by R;
include a methyl group, an ethyl group, an n-propyl group,
an iso-propyl group, an n-butyl group, an iso-butyl group, a
sec-butyl group, and a tert-butyl group.

In the formula [1], X, represents a divalent aryl group,
preferably a phenylene group, a naphthylene group, a
phenanthrylene group, a fluorenylene group, or a pyrenylene
group. It should be noted that the substituent represented by
X, may further have an alkyl group such as a methyl group,
an ethyl group, an n-propyl group, an iso-propyl group, an
n-butyl group, an iso-butyl group, a sec-butyl group, or a
tert-butyl group.

In the formula [1], Q, represents an aryl group, preferably
a phenyl group, a naphthyl group, a phenanthryl group, a
fluorenyl group, or a pyrenyl group. It should be noted that
the substituent represented by Q, may further have an alkyl
group such as a methyl group or a tert-butyl group, or an aryl
group such as a phenyl group or a naphthyl group.

In addition, in the present invention, as the compound to
be incorporated into the hole transport layer, a compound
represented by the following formula [2] or formula [3] may
be used instead of the compound represented by the formula
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-continued

In the formula [2], X, represents a divalent aryl group,
preferably a phenylene group, a naphthylene group, a
phenanthrylene group, a fluorenylene group, or a pyrenylene
group. It should be noted that the substituent represented by
X, may further have an alkyl group such as a methyl group,
an ethyl group, an n-propyl group, an iso-propyl group, an
n-butyl group, an iso-butyl group, a sec-butyl group, or a
tert-butyl group.

In the formula [2], Q, represents an aryl group, preferably
a phenyl group, a naphthyl group, a phenanthryl group, a
fluorenyl group, or a pyrenyl group. It should be noted that
the substituent represented by Q, may further have an alkyl
group such as a methyl group or a tert-butyl group, or an aryl
group such as a phenyl group or a naphthyl group.

In the formula [3], R represents an aryl group, preferably
a phenyl group. It should be noted that the substituent
represented by Ry may further have an alkyl group such as
a methyl group or a tert-butyl group, or an aryl group such
as a phenyl group or a naphthyl group.

In the formula [3], X; represents a divalent aryl group,
preferably a phenylene group, a naphthylene group, a
phenanthrylene group, a fluorenylene group, or a pyrenylene
group. It should be noted that the substituent represented by
X, may further have an alkyl group such as a methyl group,
an ethyl group, an n-propyl group, an iso-propyl group, an
n-butyl group, an iso-butyl group, a sec-butyl group, or a
tert-butyl group.

In the formula [3], Q; represents an aryl group, preferably
a phenyl group, a naphthyl group, a phenanthryl group, a
fluorenyl group, or a pyrenyl group. It should be noted that
the substituent represented by Q5 may further have an alkyl
group such as a methyl group or a tert-butyl group, or an aryl
group such as a phenyl group or a naphthyl group.

Specific examples of the organic compounds represented
by the formulae [1] to [3] are shown below. It should be
noted that in the present invention, the compounds are not
limited to the following compounds.

HTD-2
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Although the aromatic hydrocarbon compounds described
in the foregoing are each used as a dopant in the hole
transport layer, the triplet energy level of the dopant is
preferably smaller than that of the arylamine compound in
the hole transport layer. In this case, a triplet excitation
energy quickly transfers from the arylamine compound to
the dopant and hence the deterioration of the arylamine
compound due to a triplet exciton can be prevented in an
additionally efficient manner.

In addition, such a compound having high triplet-triplet
annihilation (TTA) efficiency as typified by an anthracene
compound may be used as a host for the emitting layer. This
is because it is advantageous to confine a triplet produced by
TTA in the emitting layer in terms of luminous efficiency.

55

Here, when the compound having high TTA efficiency is
used as a host for the emitting layer, the order of the triplet
excitation energies of the arylamine compound, the dopant
in the hole transport layer, and a constituent material for the
emitting layer is preferably as follows: arylamine
compound>dopant>constituent material.

It should be noted that the concentration of the dopant in
the hole transport layer is preferably 0.01 wt % or more and
20 wt % or less with respect to the entirety of the layer.

A hole-injectable compound and a hole-transportable
compound, a compound corresponding to the host forming
the emitting layer and a light emitting compound, an elec-
tron-injectable compound and an electron-transportable
compound, and the like which are conventionally known can
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be used together as constituent materials for the organic light
emitting device of the present invention as required. It
should be noted that those known compounds may be
low-molecular weight compounds or may be high-molecular
weight compounds.

Hereinafter, specific examples of the compounds serving
as the constituent materials for the organic light emitting
device of the present invention are described.

The hole-injectable material or hole-transportable mate-
rial to be used as a constituent material for the hole transport
layer is preferably a material that itself has a high hole
mobility. Low-molecular materials and high-molecular
materials each having hole injecting performance or hole
transporting performance are exemplified by, but of course
not limited to, a triarylamine derivative, a phenylenediamine
derivative, a stilbene derivative, a phthalocyanine deriva-
tive, a porphyrin derivative, poly(vinylcarbazole), poly(thio-
phene), and other conductive polymers as well as the
arylamine compound.

In the organic light emitting device of the present inven-
tion, the emitting layer is constituted of two or more kinds
of components, i.e., a main component and an accessory
component. Here, the compound having the largest weight
ratio out of the compounds constituting the emitting layer is
called the main component, and a compound having a
smaller weight ratio than that of the main component is
called the accessory component.

The material called the main component can be called a
host as well.

The material called the accessory component is mainly a
dopant (guest). Any other material called the accessory
component is, for example, an emission assist material or a
charge transport material.

It should be noted that the concentration of the guest with
respect to the host is preferably 0.01 wt % or more and 20
wt % or less, more preferably 0.2 wt % or more and 5 wt %
or less.

Examples of the host to be incorporated into the emitting
layer include: a fluorene derivative; a naphthalene deriva-
tive; an anthracene derivative; a pyrene derivative; a carba-
zole derivative; a quinoxaline derivative; a quinoline deriva-
tive; an organoaluminum complex such as tris(8-
quinolinolato)aluminum; an organozinc complex; a
triphenylamine derivative; and a polymer derivative such as
a polyfluorene derivative or a polyphenylene derivative. It
should be understood that the host is not limited thereto.

As the guest to be incorporated into the emitting layer, any
of a fluorescent light emitting material and a phosphorescent
light emitting material may be used. Examples thereof
include organometal complexes such as: iridium complexes
including (2-carboxypyridyl)bis(3,5-difluoro-2-(2-pyridyl)
phenyliridium  (Flrpic), fac-tris(2-(2-pyridinyl)phenyl)
iridium  (Ir(ppy);), and fac-tris(1-phenylisoquinoline)
iridium (Ir(piq),); platinum complexes; copper complexes;
aluminum complexes; and lanthanide complexes, in addition
to a fluorene derivative, a fluoranthene derivative, a
chrysene derivative, an anthracene derivative, a perylene
derivative, a tetracene derivative, a coumarin derivative, and
a quinacridone derivative. It should be understood that the
guest is not limited thereto. It should be noted that in the
present invention, the guest is an electron trap dopant which
traps an electron.

The electron-injectable compound to be used as the
constituent material for the electron injection layer and the
electron-transportable compound to be used as the constitu-
ent material for the electron transport layer are selected in
consideration of, for example, a balance with the hole
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mobility of the hole-injectable compound or the hole-trans-
portable compound. Examples of the electron-transportable
material serving as the constituent material for the electron
transport layer include an oxadiazole derivative, an oxazole
derivative, a thiazole derivative, a thiadiazole derivative, a
pyrazine derivative, a triazole derivative, a triazine deriva-
tive, a perylene derivative, a quinoline derivative, a qui-
noxaline derivative, a fluorenone derivative, an anthrone
derivative, a phenanthroline derivative, fluoranthene deriva-
tive, an anthracene derivative, and an organometal complex
such as a quinolinol aluminum complex. It should be under-
stood that the electron-transportable material is not limited
thereto.

In addition, examples of the electron-injectable material
serving as the constituent material for the electron injection
layer include an oxadiazole derivative, an oxazole deriva-
tive, a pyrazine derivative, a triazole derivative, a triazine
derivative, a quinoline derivative, a quinoxaline derivative,
a phenanthroline derivative, a fluoranthene derivative, an
anthracene derivative, and an organic aluminum complex. It
should be understood that the electron-injectable material is
not limited thereto.

It is recommended that a constituent material for an anode
have as large a work function as possible. Examples thereof
include metal elements such as gold, platinum, silver, cop-
per, nickel, palladium, cobalt, selenium, vanadium, and
tungsten, or alloys each containing two or more kinds of
these metal elements, and metal oxides such as tin oxide,
zinc oxide, indium oxide, indium tin oxide (ITO), and
indium zinc oxide. Further, conductive polymers such as
polyaniline, polypyrrole, and polythiophene may also be
used. One kind of those electrode substances may be used
alone, or two or more kinds thereof may be used in com-
bination. Further, the anode may be constructed of a single
layer or may be constructed of multiple layers.

Meanwhile, it is recommended that a constituent material
for a cathode have a small work function. Examples thereof
include alkali metals such as lithium, alkaline earth metals
such as calcium, and metal elements such as aluminum,
titanium, manganese, silver, lead, and chromium. Alterna-
tively, alloys including combinations of those metal ele-
ments may also be used. For example, magnesium-silver,
aluminum-lithium, aluminum-magnesium, and the like may
be used. Metal oxides such as indium tin oxide (ITO) may
also be utilized. One kind of those electrode substances may
be used alone, or multiple kinds thereof may be used in
combination. Further, the cathode may be constructed of a
single layer or may be constructed of multiple layers.

In the organic light emitting device of the present inven-
tion, each layer constituting the organic compound layers
may be formed by any of various known methods. In
general, the layer may be formed by a vacuum vapor
deposition method, an ionization vapor deposition method,
a sputtering method, or a plasma method. Alternatively, the
layer may be formed by dissolving the constituent material
in an appropriate solvent and subjecting the resultant to a
known coating method (e.g., spin coating, dipping, a casting
method, an LB method, or an ink jet method).

Here, when the layer is formed by a vacuum vapor
deposition method, a solution coating method, or the like,
the layer hardly undergoes crystallization and the like and is
excellent in stability over time. Further, when the film is
formed by a coating method, the film may also be formed in
combination with an appropriate binder resin.

Examples of the binder resin include, but not limited to,
a polyvinylcarbazole resin, a polycarbonate resin, a polyes-
ter resin, an ABS resin, an acrylic resin, a polyimide resin,
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a phenolic resin, an epoxy resin, a silicone resin, and a urea
resin. Further, one kind of those binder resins may be used
alone as a homopolymer or copolymer, or two or more kinds
thereof may be used as a mixture. In addition, a known
additive such as a plasticizer, an antioxidant, or an ultravio-
let absorber may be used in combination with the binder
resin, as necessary.

(Applications of Organic Light Emitting Device)

The organic light emitting device of the present invention
may be used as a constituent member for a display apparatus
or a lighting apparatus. In addition, the device finds appli-
cations in, for example, a light source for exposure of an
electrophotographic image forming apparatus, a backlight of
a liquid crystal display apparatus, and a light emitting
apparatus including a white light source and a color filter.
The color filter is, for example, a filter that transmits three
colors, i.e., red, green, and blue.

In addition, a display apparatus of the present invention
includes the organic light emitting device of the present
invention in a display unit. It should be noted that the display
unit includes multiple pixels.

In addition, the pixels each include the organic light
emitting device of the present invention and a switching
device for controlling an emission luminance or a transistor
as an example of an amplifier, and the anode or cathode of
the organic light emitting device and the drain electrode or
source electrode of the transistor are electrically connected.
Here, the display apparatus can be used as an image display
apparatus for a PC or the like.

The display apparatus may be an image display apparatus
that includes an image input unit for inputting image infor-
mation from an area CCD, a linear CCD, a memory card,
and the like, and displays the input image to the display unit.

In addition, a display unit which an imaging apparatus or
an inkjet printer includes may have a touch panel function.
The driving system of the touch panel function is not
particularly limited.

In addition, the display apparatus may be used in the
display unit of a multi-function printer.

A lighting apparatus is an apparatus for lighting, for
example, the interior of a room. The lighting apparatus may
emit light of any one of a white color (having a color
temperature of 4,200 K), a neutral white color (having a
color temperature of 5,000 K), and blue to red colors.

A lighting apparatus of the present invention includes the
organic light emitting device of the present invention and a
converter circuit (circuit for converting an AC voltage into
a DC voltage) to be connected to the organic light emitting
device. It should be noted that the lighting apparatus may
further include a color filter.

Next, the display apparatus of the present invention is
described with reference to the drawing. FIG. 1 is a sche-
matic sectional view illustrating an example of a display
apparatus including an organic light emitting device and a
TFT device connected to the organic light emitting device.
It should be noted that the organic light emitting device of
the present invention is used as the organic light emitting
device constituting a display apparatus 1 of FIG. 1.

The display apparatus 1 of FIG. 1 is provided with a
substrate 11 such as glass and a moisture-proof film 12 for
protecting a TFT device or an organic compound layer on
the substrate. In addition, reference numeral 13 represents a
metal gate electrode 13. Reference numeral 14 represents a
gate insulating film 14 and reference numeral 15 represents
a semiconductor layer 15.

A TFT device 18 includes the semiconductor layer 15, a
drain electrode 16, and a source electrode 17. An insulating
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film 19 is provided on the TFT device 18. An anode 21
constituting the organic light emitting device and the source
electrode 17 are connected through a contact hole 20.

It should be noted that the system of the electrical
connection of the electrode (anode or cathode) in the organic
light emitting device and the electrode (source electrode or
drain electrode) in the TFT is not limited to the embodiment
illustrated in FIG. 1. In other words, one of the anode and the
cathode, and one of the source electrode and drain electrode
of the TFT device have only to be electrically connected.

In the display apparatus 1 of FIG. 1, multiple organic
compound layers are illustrated like one layer but an organic
compound layer 22 may be multiple layers. Provided on a
cathode 23 are a first protective layer 24 and second pro-
tective layer 25 for suppressing the deterioration of the
organic light emitting device.

When the display apparatus 1 of FIG. 1 is a display
apparatus that emits white light, the emitting layer in the
organic compound layer 22 in FIG. 1 may be a layer
obtained by mixing a red light emitting material, a green
light emitting material, and a blue light emitting material. In
addition, the emitting layer may be a laminated emitting
layer obtained by laminating a layer formed of the red light
emitting material, a layer formed of the green light emitting
material, and a layer formed of the blue light emitting
material. Further, alternatively, an embodiment in which the
layer formed of the red light emitting material, the layer
formed of the green light emitting material, and the layer
formed of the blue light emitting material are arranged side
by side to form a domain in one emitting layer is permitted.

Although the transistor is used as a switching device in the
display apparatus 1 of FIG. 1, an MIM device may be used
as a switching device instead of the transistor.

In addition, the transistor used in the display apparatus 1
of FIG. 1 is not limited to a transistor using a monocrystal-
line silicon wafer and may be a thin-film transistor having an
active layer on the insulative surface of a substrate. A
thin-film transistor using monocrystalline silicon as an
active layer, a thin-film transistor using non-monocrystalline
silicon such as amorphous silicon or microcrystalline silicon
as an active layer, or a thin-film transistor using a non-
monocrystalline oxide semiconductor such as an indium
zinc oxide or an indium gallium zinc oxide as an active layer
is also permitted. It should be noted that the thin-film
transistor is called a TFT device as well.

The transistor in the display apparatus 1 of FIG. 1 may be
formed in a substrate such as an Si substrate. Here, the
phrase “formed in a substrate” means that the transistor is
produced by processing the substrate itself such as the Si
substrate. In other words, the presence of the transistor in the
substrate can be interpreted as follows: the substrate and the
transistor are integrally formed.

Whether or not the transistor is provided in the substrate
is selected depending on a definition. In the case of, for
example, a definition of about a QVGA per inch, the organic
light emitting device is preferably provided in the Si sub-
strate.

As described above, driving the display apparatus using
the organic light emitting device of the present invention
enables display that has good image quality and is stable
over a long time period.

Hereinafter, the present invention is described in detail by
way of examples. In this regard, however, the present
invention is by no means limited to these examples.
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Synthesis Example 1

Synthesis of Exemplified Compounds D-2 and D-3

Exemplified compounds D-2 and D-3 shown below were 3

synthesized according to a synthesis method described
below.

~G
Ay oy
O D-3
~G
aceosionaTe
¢

(1-1) Synthesis of Intermediate Compound M1

NBS

nBuLi

= O

HOOC
M1

Under an argon atmosphere, the following reagent and
solvent were loaded into a 2 L four-necked flask.

3-Aminofluoranthene: 45.4 g (209 mmol)
DMF: 910 mL
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Next, the reaction solution was cooled to 0° C. with an ice
bath in a state where the inside of the reaction system was
shielded from light. Next, NBS (37.2 g, 209 mmol) was
added to the reaction solution and then the ice bath was
removed to return the temperature of the reaction solution to
room temperature. Next, the reaction solution was stirred at
room temperature for 1 hour. Next, a crystal (yellowish
green crystal) precipitated at the time of the pouring of the
reaction solution into 2 L. of ice water was taken by filtration.
Next, the crystal taken by filtration was dissolved in 4 L of
ethyl acetate to prepare an ethyl acetate solution, and then
the ethyl acetate solution was sequentially passed through 50
g of magnesium sulfate and 500 g of Florisil to remove a raw
material substance. Next, a slurry-like substance produced at
the time of the concentration of the filtrate under reduced
pressure was filtered to provide a crystal. Next, the resultant
crystal was dried under reduced pressure to provide 54.0 g
of 2-bromofluoranthene-3-amine (yield: 87.1%).

Next, under an argon atmosphere, the following reagent
and solvent were loaded into a 5 L four-necked flask.
2-Bromofluoranthene-3-amine: 55.6 g (188 mmol)

Special grade cyclopentyl methyl ether: 1.12 L

Next, the reaction solution was cooled to an inner tem-
perature of 0° C. with an ice bath while the reaction solution
was stirred. Next, 596 mL. (939 mmol, 5 eq) of a 1.65 M
solution of n-Buli were dropped to the reaction solution
over 30 minutes. Next, the temperature of the reaction
solution was returned to room temperature and then the
solution was stirred at the temperature (room temperature)
for 3.5 hours. Next, a carbon dioxide gas was blown into the
reaction system (the inner temperature of the reaction solu-
tion increased from 18° C. to 48° C. as a result of the
blowing of the carbon dioxide gas) and then a gas bag was
attached to the reaction system, followed by the stirring of
the reaction solution overnight. Next, a 5 mol/lL aqueous
solution of hydrochloric acid was dropped to the reaction
solution. Here, a crystal precipitated at the time of the
dropping of the aqueous solution of hydrochloric acid was
filtered but most of the crystal was a compound except the
target product. In view of the foregoing, an organic phase
obtained by subjecting the filtrate obtained at the time of the
filtration to a separating operation was passed through 500
g of Florisil. Next, the residue obtained by concentrating and
drying up the filtrate that had been passed through the
Florisil was reprecipitated with a mixed solvent of THF and
CHCI, to provide 10.5 g of a crude crystal (HPLC purity:
92%). Next, the resultant crude crystal was reprecipitated
with a mixed solvent of THF and CHCI; again to provide
8.50 g of a crystal A (HPLC purity: 98%). Next, a filtrate
obtained at the time of the second reprecipitation was
purified by column chromatography (gel: 1 kg, cluent:
heptane/ethyl acetate=1/1) to provide 900 mg of a crystal B
(HPLC purity: 98%). Next, a combination of the crystal A
and the crystal B was dissolved in THF to prepare a uniform
solution, and then the solution was concentrated under
reduced pressure to provide a slurry-like substance. Next,
chloroform was added to the slurry-like substance to take
out a crystal C. Next, the crystal C was dried under reduced
pressure to provide 9.23 g of an intermediate compound M1
(vield: 18.6%).
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(1-2) Synthesis of Intermediate Compound M2

M2

Under a nitrogen atmosphere, the following reagents and
solvent were loaded into a 500 mL three-necked reaction
vessel.
5-Bromo-acenaphthylene-1,2-dione: 15.0 g (57.5 mmol)
1,3-Diphenylpropan-2-one: 12.1 g (57.5 mmol)

Ethanol: 300 mL

Next, 20 mlL of a 6 M aqueous solution of sodium
hydroxide were dropped to the reaction solution at room
temperature. After the completion of the dropping, the
reaction solution was heated to 60° C. and then the reaction
solution was stirred at the temperature (60° C.) for about 2
hours. Next, a precipitate produced at the time of the cooling
of the reaction solution to room temperature was filtered,
and then the precipitate was sequentially washed with water
and ethanol. Next, the precipitate was heated and dried at
80° C. under reduced pressure to provide 22.0 g of an
intermediate compound M2 as a dark green solid (yield:
88%).

(1-3) Synthesis of Intermediate Compound M3
(M3-1 and M3-2)

M2
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-continued

N /\)\
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H,N
HOOC
M1
. QO 9
M3(M3-2)
Bf,l E‘ ‘ L
M3(M3-1)

Under a nitrogen atmosphere and at room temperature,
the following reagents and solvent were loaded into a 1-L
three-necked reaction vessel.

Intermediate compound M2: 18.0 g (41.3 mmol)
Intermediate compound M1: 14.0 g (53.8 mmol)
Isoamyl] nitrite: 8.72 g (74.4 mmol)

Toluene: 720 mL

Next, the reaction solution was heated to 95° C. and then
the reaction solution was stirred at the temperature (95° C.)
for 1.5 hours. Next, the reaction solution was cooled and
then the reaction solution was washed with 1 L of water 3
times. Next, an organic phase obtained by the washing with
water was further washed with brine and was then dried with
magnesium sulfate. Next, a filtrate obtained by filtering the
organic phase was concentrated under reduced pressure to
provide a dark brown liquid. Next, the resultant dark brown
liquid was purified by column chromatography (eluent:
toluene/heptane=1/3). Next, a solution obtained at the time
of the purification was concentrated under reduced pressure
to provide a crystal. Next, 345 mL of methanol were added
to the resultant crystal and then the mixture was subjected to
slurry washing under heating. After that, a crystal produced
when the washed product was left standing to cool to room
temperature was filtered to provide 21.9 g of an intermediate
compound M3, which was a yellow crystal, as a mixture of
isomers (M3-1 and M3-2) (yield: 87%).
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(1-4) Synthesis of Intermediate Compound M4
(M4-1 and M4-2)

32

0 00

M3(M3-2)

C
@
Br Qogeoo

M3(M3-1)

cat.Pd(PPhs)y
KOAc
DMSO

Under a nitrogen atmosphere, the following reagents and
solvent were loaded into a 1-L three-necked vessel.
Intermediate compound M3 (mixture of M3-1 and M3-2):
19.4 g (31.9 mmol)

Bis-dioxaborolane: 16.2 g (63.9 mmol)
Potassium acetate: 6.27 g (63.9 mmol)
Tetrakis(triphenylphosphine)palladium:
mmol)

DMSO: 388 mL

Next, the reaction solution was heated to 100° C. and then
the reaction solution was stirred at the temperature (100° C.)
for 1.5 hours. Next, the reaction solution was cooled to 30°
C. and then 400 mL of methanol were added to the solution.
Next, the reaction solution was cooled to 10° C. and then the
reaction solution was stirred at the temperature (10° C.) for
1 hour, followed by filtration. Next, 800 mL of methanol
were added to the filtration obtained by the filtration, and
then the mixture was subjected to slurry washing under
heating for 1 hour while the solvent (methanol) was
refluxed. After that, the washed product was cooled to room
temperature and then filtered. Thus, 18.3 g of a crude crystal
of an intermediate compound M4 were obtained (yield:
87.5%). Next, a solution prepared by dissolving the resultant
crude crystal in 265 mL of toluene was purified by column
chromatography (eluent: toluene/heptane=1/2—toluene/
heptane=1/1). Next, the purified product was subjected to
slurry washing under heating with a mixed solvent of
toluene and methanol to provide 9.75 g of the intermediate
compound M4, which was a yellow crystal, as a mixture of
isomers (M4-1 and M4-2) (yield: 46.6%).

1.107 g (0.96

(1-5) Synthesis of Intermediate Compound M5
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M5

Under a nitrogen atmosphere, the following reagents and
solvent were loaded into a 200 mL three-necked vessel.
4-Bromo-3,5-dimethylphenol: 3.19 g (16 mmol)

Pyridine: 5.65 g (71 mmol)
Toluene: 65 mL

Next, the reaction solution was cooled to 0° C. while
being stirred. Next, 13.43 g (48 mmol) of trifluoromethane-
sulfonic anhydride were slowly dropped to the reaction
solution over about 15 minutes while the reaction solution
was stirred. After the completion of the dropping, the
temperature of the reaction solution was increased to room
temperature and then the reaction solution was stirred under
room temperature for an additional one hour. Next, 100 mL
of water were added to the solution to terminate the reaction,
and subsequently 40 ml. of toluene were added to the
mixture. After that, the resultant was subjected to a sepa-
rating operation to separate an organic phase. Next, the
resultant organic phase was concentrated under reduced
pressure and then the concentrate was purified by column
chromatography (eluent: toluene). A solution obtained at this
time was concentrated under reduced pressure to provide
5.94 g of a 4-bromo-3,5-dimethylphenyl-trifltuoromethane-
sulfonic acid ester as a colorless, transparent liquid (yield:
97.1%).
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Next, under a nitrogen atmosphere, the following reagents
and solvent were loaded into a 500 mL three-necked flask.
4-Bromo-3,5-dimethylphenyl-trifluoromethanesulfonic acid
ester: 4.90 g (14.7 mmol)
4-Cyanophenylboronic acid: 2.05 g (14.0 mmol)

Dioxane: 245 mL
Potassium carbonate: 4.07 g (29.4 mmol)
Tetrakis(triphenylphosphine)palladium: 0.17 g (0.15 mmol)

Next, the reaction solution was heated to 80° C. and then
the reaction solution was stirred under the temperature (80°
C.) for 1.5 hours. Next, the reaction solution was left
standing to cool to room temperature. After that, 100 mL of
toluene and 100 mL of water were added to the solution, and
then the mixture was subjected to a separating operation to

M4(M4-2)

cat Pd
N —»

M5
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separate an organic phase. Next, the resultant organic phase
was dried with magnesium sulfate, and then a filtrate
obtained by filtering the organic phase was concentrated
under reduced pressure to provide 4.64 g of a crude crystal,
of an intermediate compound MS5. Next, a solution prepared
by mixing the resultant crude crystal and toluene was
purified by column chromatography (eluent: toluene/hep-
tane=1/5—toluene/heptane=1/4), and was then concentrated
and dried up. Thus, 1.54 g of the intermediate compound M5

10 as a white crystal were obtained (yield: 37%).

(1-6) Synthesis of Exemplified Compounds D-2
and D-3
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Under a nitrogen atmosphere, the following reagents and
solvents were loaded into a 500 mL three-necked flask.
Intermediate compound M4 (mixture of M4-1 and M4-2):
4.40 g (6.72 mmol)

Intermediate compound M5: 1.54 g (5.38 mmol)

Toluene: 220 mL

Ethanol: 110 mL

Sodium carbonate: 1.42 g (13.4 mmol)

Water: 100 mL

Tetrakis(triphenylphosphine)palladium: 0.39 g (0.34 mmol)

Next, the reaction solution was heated to 70° C. and then
the reaction solution was stirred under the temperature (70°
C.) for 3 hours. Next, the reaction solution was left standing
to cool to room temperature, and then the reaction solution
was washed with 100 mL of water twice to provide an
organic phase. Next, the organic phase was dried with
magnesium sulfate, and then a filtrate obtained by filtering
the solution was concentrated under reduced pressure to
provide a yellow crude crystal. Next, the crude crystal was
dissolved in a solvent prepared by mixing 60 mL of toluene
and 60 mL of heptane, and then the solution was purified by
column chromatography (eluent: toluene/heptane=1/
1—toluene/heptane=2/1). Next, the solution was concen-
trated under reduced pressure and then methanol was added
to the concentrate, followed by slurry washing under heat-
ing. Thus, 3.26 g of a mixture of the exemplified compounds
D-2 and D-3 as a yellow crystal were obtained (yield: 66%).
It should be noted that the exemplified compound D-2 is a
product synthesized from the intermediate compound M4-1
and the exemplified compound D-3 is a product synthesized
from the intermediate compound M4-2.

Example 1

(1) Production of Organic Light Emitting Device

An organic light emitting device obtained by laminating,
on a substrate, an anode, a hole injection layer, a hole
transport layer, an emitting layer, a hole blocking layer, an
electron transport layer, and a cathode in the stated order was
produced by the following method.

Indium tin oxide (ITO) was formed into a film on a glass
substrate (the substrate) by a sputtering method to form the
anode. At this time, the thickness of the anode was set to 115
nm. Next, the substrate on which the anode had been formed
was subjected to ultrasonic cleaning with acetone and iso-
propyl alcohol (IPA) sequentially. Next, the cleaned product
was subjected to boil cleaning with IPA, followed by drying.
Further, the dried product was subjected to UV/ozone clean-
ing. The cleaned product was used as a transparent, con-
ductive supporting substrate in a next step.

Next, a compound HI-1 (material for the hole injection
layer) shown below and chloroform were mixed to prepare
a chloroform solution having a concentration of 0.1 wt %.
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Next, the chloroform solution was dropped on the ITO
electrode. After that, spin coating was performed initially at
the number of revolutions of 500 RPM for 10 seconds and
then at the number of revolutions of 1,000 RPM for 1 minute
to form a thin film. Next, drying was performed with a
vacuum oven at 80° C. for 10 minutes to remove the solvent
in the thin film completely. Thus, a first thin film was
formed. The thickness of the formed first thin film was 11
nm.

Next, the compound HI-1 was formed into a film by a
vacuum deposition method to form a second thin film. At
this time, the thickness of the second thin film was set to 54
nm. It should be noted that a layer formed of the first thin
film and the second thin film functions as the hole injection
layer.

Next, a compound HT-2 (hole-transportable host, arylam-
ine compound) shown below and a compound HTD-4
(dopant for the hole transport layer) shown below were
simultaneously deposited from different boats onto the hole
injection layer by the vacuum deposition method to form the
hole transport layer. At this time, the concentration of the
hole-transportable dopant (HTD-4) was 5 wt % with respect
to the entirety of the hole transport layer, and the thickness
of the hole transport layer was 45 nm.

HT-2
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-continued
HTD-4

8% O

Next, a compound H-1 (host) shown below, and a 1:1
mixture of the compound D-2 (first dopant) and the com-
pound D-3 (second dopant) were simultaneously deposited
from different boats onto the hole transport layer to form the
emitting layer.

H-1

At this time, the concentration of the dopants (total of the
first dopant and the second dopant) was 1.5 wt % with
respect to the host (H-1), and the thickness of the emitting
layer was 25 nm. It should be noted that in this example, a
1:1 mixture of the compound D-2 and the compound D-3 is
used as a dopant material. This is because the compound D-2
and compound D-3 synthesized in Synthesis Example 1
cannot be separated into the compound D-2 and the com-
pound D-3 by a purification operation to be typically per-
formed (such as recrystallization or chromatography).

Next, a compound HB-1 shown below was formed into a
film on the emitting layer by the vacuum deposition method

to form the hole blocking layer. At this time, the thickness
of the hole blocking layer was 5 nm.
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Next, a compound ET-1 was deposited in a vacuum as the
electron transport layer onto the hole blocking layer by the
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vacuum deposition method to form the electron transport
layer. At this time, the thickness of the electron transport
layer was 20 nm.

ET-1

It should be noted that each layer constituting the organic
compound layers (the hole injection layer, the hole transport
layer, the emitting layer, the hole blocking layer, and the
electron transport layer) was formed by the vacuum depo-
sition method under the following conditions: a degree of
vacuum of 7.0x107> Pa or less, and a film formation rate of
0.08 nm/sec or more and 0.10 nm/sec or less. It should be
noted that the film formation rate of the emitting layer is a
rate obtained by summing the deposition rate of the host
itself and the deposition rates of the dopants themselves. In
addition, a vacuum state was maintained during a time
period commencing on the completion of the formation of
the hole transport layer and ending on the initiation of the
formation of the emitting layer, and the time period (time
period for which the vacuum state was maintained) was 10
minutes or less. In addition, the vacuum state was main-
tained during a time period commencing on the completion
of the formation of the emitting layer and ending on the
initiation of the formation of the electron transport layer as
well, and the time period (time period for which the vacuum
state was maintained) was 10 minutes or less.

Next, lithium fluoride (LiF) and aluminum were formed
into films in the stated order on the electron transport layer
by the vacuum deposition method to form an electron
injection electrode (the cathode) formed of the LiF film and
the Al film. At this time, the thickness of the LiF film was
set to 0.5 nm and the thickness of the Al film was set to 100
nm. In addition, the LiF film was formed at a degree of
vacuum of 1.0x10™* Pa and a film formation rate of 0.05
nm/sec. Meanwhile, the Al film was formed under the
conditions of a degree of vacuum of 1.0x10™* Pa, and a film
formation rate of 1.0 nm/sec or more and 1.2 nm/sec or less.

Next, the organic light emitting device was covered with
a protective glass plate under a nitrogen atmosphere having
a dew point of —=70° C. or less so that (a constituent member
of) the organic light emitting device did not adsorb moisture,
followed by sealing with an epoxy-based adhesive. It should
be noted that the protective glass plate was provided with
excavation on the side of a surface to be bonded to the
organic light emitting device and a sheet for moisture
adsorption (moisture getter sheet for an organic EL, manu-
factured by DYNIC CORPORATION) was filled in the
excavation at the time of the sealing.
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(2) Evaluation
(2-1) Evaluation of Device

The device obtained by the steps described in the fore-
going was observed to emit blue light when a voltage was
applied while the ITO electrode was used as a positive
electrode and the LiF/Al electrode was used as a negative
electrode. In addition, an applied voltage at an emission
luminance of 1,000 cd/m* was 4.7 V and an external quan-
tum efficiency at a current density of 25 mA/cm? was 7.9%.

In addition, when the organic light emitting device of this
example was continuously driven by applying a voltage in a
state where a current density of 100 mA/cm?® was main-
tained, a time period (LT75) required for the luminance to
reduce to 75% of the initial value was 91 hours.

(2-2) Oxidation-Reduction Potentials of Host and
Dopant

In the organic light emitting device of this example, the
oxidation-reduction potentials of the host (H-1) and dopant
(mixture in which D-2 and D-3 were mixed at 1:1) in the
emitting layer were each measured by employing a cyclic
voltammetry (CV) method as described below.

Specifically, an oxidation potential and a reduction poten-
tial were measured by using 0.1 mol/L. tetrabutylammonium
perchlorate as a supporting electrolyte under the following
conditions.

(2-2-1) Oxidation Potential

The oxidation potential of each compound was measured
with a solution of the compound in methylene chloride
having a concentration of 1x10~% mol/L or more and 1x10™*
mol/L or less.

(2-2-2) Reduction Potential

The reduction potential of each compound was measured
with a solution of the compound in N,N-dimethylformamide
having a concentration of 1x10~ mol/L or more and 1x10™*
mol/L or less.

(2-2-3) Measurement Conditions

Measurement conditions for the CV method are shown
below.
Measurement temperature: 25° C.
Reference electrode: Ag/AgNO,
Counter electrode: platinum electrode
Working electrode: glassy carbon

(2-2-4) Results of Measurement and Evaluation

As a result of the measurement, the reduction potential of
the host (H-1) was =2.19 V, and the reduction potential of the
dopant (mixture in which D-2 and D-3 were mixed at 1:1)
was -1.89 V.

As described in the foregoing, a difference between the
reduction potentials corresponds to a difference in 1E; ;0.
Here, in this example, a value corresponding to “IE; ;.
(Dopant)|-IE; s a0(Host)” is 0.30 eV.

The value means that the first requirement (IE, ,, ,o(Dop-
ant)l-1E; ;5 ,0(Host)[>0.15 eV) for the emitting layer to trap
an electron is satisfied.
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Meanwhile, as a result of the measurement, the oxidation
potential of the host (H-1) was 0.98 V, and the oxidation
potential of the dopant (mixture in which D-2 and D-3 were
mixed at 1:1) was 1.18 V.

As described in the foregoing, a difference between the
oxidation potentials corresponds to a difference in 1E 540!
Here, in this example, a value corresponding to “IE ;510
(Dopant)|-IE zoa0(Host)I” is 0.20 eV.

The value means that the second requirement (IE,;5,/0
(Host)I<IE zopso(Dopant)l) for the emitting layer to trap an
electron is satisfied.

The foregoing results can lead to the conclusion that the
emitting layer constituting the organic light emitting device
of this example is an emitting layer trapping an electron.
Therefore, an emission interface is the electron injection side
of the emitting layer, i.e., an interface between the emitting
layer and the hole blocking layer (and the vicinity thereof).

Comparative Example 1

An organic light emitting device was obtained by the
same method as that of Example 1 except that in Example
1, the hole transport layer was formed only of the compound
HT-2 (thickness: 45 nm). It should be noted that in this
comparative example, the emitting layer is an emitting layer
trapping an electron because the layer is formed of the same
constituent materials as those of Example 1. Therefore, an
emission interface is the electron injection side of the
emitting layer, i.e., an interface between the emitting layer
and the hole blocking layer.

The resultant organic light emitting device was observed
to emit blue light when a voltage was applied while the ITO
electrode was used as a positive electrode and the LiF/Al
electrode was used as a negative electrode. An applied
voltage at an emission luminance of 1,000 cd/m? was 4.7 V
and an external quantum efficiency at a current density of 25
mA/cm® was 8.2%.

In addition, when the organic light emitting device of this
comparative example was continuously driven by applying
a voltage while maintaining a current density of 100
mA/cm?, the LT75 was 69 hours, which meant that the
lifetime of the device was shorter than that of Example 1
containing the hole-transportable dopant (HTD-4). This may
be because the hole transport layer was free of a material
strong against deterioration due to excitation (such as HTD-

4).
Comparative Example 2
An organic light emitting device was obtained by the
same method as that of Example 1 except that in Example

1, DPA shown below was used as the hole-transportable
dopant instead of HTD-4.

DPA

It should be noted that in this comparative example, the
emitting layer is an emitting layer trapping an electron
because the layer is formed of the same constituent materials



US 9,461,260 B2

41

as those of Example 1. Therefore, an emission interface is
the electron injection side of the emitting layer, i.e., an
interface between the emitting layer and the hole blocking
layer.

The resultant device was observed to emit blue light when
a voltage was applied while the ITO electrode was used as
a positive electrode and the LiF/Al electrode was used as a
negative electrode. An applied voltage at an emission lumi-
nance of 1,000 cd/m* was 4.9 V and an external quantum
efficiency at a current density of 25 mA/cm? was 7.8%.

In addition, when the device of this comparative example
was continuously driven by applying a voltage while main-
taining a current density of 100 mA/cm?, the time period
(LT75) required for the luminance to reduce to 75% of the
initial value was 68 hours, which showed that the doping
with DPA provided no effect on the lengthening of the
lifetime of the device.

This may be because DPA used as the hole-transportable
dopant is a material weak against deterioration due to
excitation, and hence DPA causes deterioration due to exci-
tation in the hole transport layer together with HT-2. That is,
it may be because a free radical produced by the deteriora-
tion of DPA due to excitation has high reactivity and hence
causes the deterioration of the hole transport layer.

Here, the reason why DPA is a compound weak against
deterioration due to excitation is that DPA is a compound
containing none of the partial structures represented by the
general formulae (ii-1) and (ii-2).

The foregoing results showed that the lengthening of the
lifetime of the organic light emitting device was able to be
achieved by satisfying the following requirements. When
the emitting layer is caused to trap an electron, the emission
interface is located away from the hole transport layer
containing the arylamine compound. In addition, the hole
transport layer having the arylamine compound is doped
with the aromatic hydrocarbon having any one of the partial
structures represented by the general formulae (ii-1) and
(ii-2).

The technology of the present invention is applicable not
only to a display apparatus such as a full-color display but
also to, for example, lighting equipment, equipment using a
photoelectric conversion device, or electrophotographic
equipment.

According to the present invention, the organic light
emitting device that has high efficiency and high durability
against continuous driving can be provided.

While the present invention has been described with
reference to exemplary embodiments, it is to be understood
that the invention is not limited to the disclosed exemplary
embodiments. The scope of the following claims is to be
accorded the broadest interpretation so as to encompass all
such modifications and equivalent structures and functions.

This application claims the benefit of Japanese Patent
Application No. 2012-086189, filed Apr. 5, 2012, which is
hereby incorporated by reference herein in its entirety.

What is claimed is:

1. An organic light emitting device comprising:

an anode;

a cathode; and

organic compound layers placed between the anode and

the cathode,

wherein the organic compound layers include at least a

hole transport layer and an emitting layer, the hole
transport layer and the emitting layer being in contact
with each other;

wherein the hole transport layer has an arylamine com-

pound and an aromatic hydrocarbon compound;

5

10

15

20

25

30

40

45

50

55

60

65

42

wherein the aromatic hydrocarbon compound may have
an alkyl group and the aromatic hydrocarbon com-
pound satisfies the following requirements (i) and (ii):

(1) the compound comprises a compound constituted only
of carbon atom and hydrogen atom, and

(i1) the compound has a partial structure represented by
one of the following general formulae (ii-1) and (ii-2):

(ii-1)
H H
H H

(ii-2)

wherein the emitting layer has a host and an electron trap
dopant; and

wherein the host and the electron trap dopant satisfy the
following expressions (A) and (B):

|E; pago(Dopant) |- Ez g ps0(Host)>0.15 eV (A)

®)

where, in the expressions (A) and (B), E; o(Dopant)
represents a LUMO energy of the electron trap dopant,
E; 1aso(Host) represents a LUMO energy of the host,
Egonro(Host) represents a HOMO energy of the host,
and E 4, ,o(Dopant) represents a HOMO energy of the
electron trap dopant.

2. The organic light emitting device according to claim 1,
wherein the organic compound layers further include an
electron transport layer placed between the emitting layer
and the cathode, and the electron transport layer is in contact
with the emitting layer.

3. The organic light emitting device according to claim 1,
wherein the aromatic hydrocarbon compound comprises a
hydrocarbon compound having a pyrene skeleton as a partial
structure.

4. The organic light emitting device according to claim 1,
wherein the electron trap dopant comprises an organic
compound having a fluoranthene skeleton.

5. A display apparatus, comprising multiple pixels,
wherein the multiple pixels each include the organic light
emitting device according to claim 1 and a transistor con-
nected to the organic light emitting device.

6. An image display apparatus comprising:

a display unit for displaying an image; and

an image input unit for inputting image information,

wherein the display unit includes multiple pixels; and

wherein the multiple pixels each include the organic light
emitting device according to claim 1 and a transistor
connected to the organic light emitting device.

|E tronso(Host) [<|Egoao(Dopant) |
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7. A lighting apparatus comprising:
the organic light emitting device according to claim 1; and
a converter circuit for supplying electric power to the
organic light emitting device.
8. A device comprising a substrate and the organic light 5
emitting device according to claim 1.

#* #* #* #* #*



